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Resonance enhancement of neutrino oscillations due to transition magnetic moments
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Moscow State University, 119991 Moscow, Russia
Studying neutrino propagation in static background of dense matter and electromagnetic field [1]
we obtained that the resonance enhancement of neutrino oscillations due to transition magnetic mo-
ments is possible. In this work we calculate the probabilities of spin-flavor transitions using solutions
of the neutrino evolution equation in slowly varying magnetic field within the adiabatic approxima-
tion. We find that the resonance behavior of the transition probabilities is strictly connected to the
neutrino polarization.
Neutrino propagation in matter and electromagnetic field has been studied for a long time. As it is well-known, the
interaction with matter modifies the oscillation pattern [2]. As a result, the resonance behavior of flavor oscillations, i.e.
the Mikheev–Smirnov–Wolfenstein (MSW) effect, can be observed [3]. However, since neutrino is a massive particle, it
is necessary to take into account not only the neutrino flavor oscillations, but also the spin rotation effect to construct
a complete description of neutrino evolution. When neutrino propagates in vacuum or in matter at rest, the helicity
does not change. In this case it is possible to consider the evolution of a neutrino state with a definite helicity. The
presence of electromagnetic field [4, 5], moving or polarized matter [6] modifies neutrino spin orientation. Since there
are correlations between flavor oscillations and spin rotation, while describing neutrino evolution in the general case
it is necessary to take into account these processes simultaneously. The results of such description may be significant
for astrophysics [7–10].
A rigorous quantum field theoretical description of neutrino propagation taking into account both flavor oscillations
and spin rotation can be constructed within the Standard Model modification [11, 12], where both the mass states
and their arbitrary superpositions are considered as different quantum states of an SU(3) neutrino multiplet. This
description can be generalized for the case of neutrino propagating in dense matter [13, 14] and electromagnetic field
[1]. Then the neutrino evolution can be studied on the base of neutrino wave equation, which has the same meaning as
the Dirac–Schwinger equation of quantum electrodynamics (see, e.g. [15]). As a result of this approach, an evidence of
resonance behavior of spin-flavor transition probabilities was obtained for neutrino moving in electromagnetic field [1].
This resonance arises due to neutrino transition magnetic moments. As it is well-known, the resonance can be observed
when the background characteristics vary slowly in space. In the present paper we obtain explicit formulas for neutrino
spin-flip transition probabilities in the case of inhomogeneous electromagnetic field in adiabatic approximation, which
is usually used to describe the MSW effect for neutrino in matter. The explicit formulas for the transition probabilities
enable us to study the properties of the new resonance.
The evolution of ultra-relativistic neutrinos can be studied in the quasi-classical approximation. In this case we can
assume that the neutrino 4-velocity uµ, which is proportional to the neutrino kinetic momentum, is constant [16].
Then the evolution equation takes the form
(
iI
d
dτ
−F
)
Ψ(τ) = 0, (1)
where
F =M− µ0Mγ5γµ ⋆Fµνuν −Mhγ5γµ ⋆Fµνuν +Mahγ5γµFµνuν. (2)
Here M is the neutrino mass matrix, I is the identity matrix, Fµν is the electromagnetic field tensor, ⋆Fµν =
− 12eµνρλFρλ is the dual electromagnetic field tensor. The interaction with the electromagnetic field via transition
magnetic and transition electric moments is taken into account by introducing the Hermitian matrices Mh and Mah.
In the first approximation the diagonal magnetic moments are proportional to the neutrino masses, i.e. the matrix of
the diagonal magnetic moments is defined as µ0M, where
µ0 =
3eGF
8
√
2pi2
. (3)
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2For simplicity we will consider the two-flavor model. In the two-flavor model the mass matrix M and the matrices
of transition moments Mh, Mah are 2 × 2 matrices and may be expressed in the terms of the Pauli matrices. The
corresponding wave functions Ψ(τ) are 8-component objects. In the mass representation
M =
1
2
(σ0(m1 +m2)− σ3(m2 −m1)), Mh = 1
2
(m1 +m2)µ1σ1, Mah =
1
2
(m1 −m2)ε1σ2, (4)
where σi, i = 1, 2, 3 are the Pauli matrices, σ0 is the identity 2 × 2 matrix. The coefficients µ1, ε1 characterize the
neutrino transition magnetic and electric moments. The values of these parameters can be found in [5] (see also [17]).
Note that the ratio µ1/µ0 is small, since it is determined by the ratio of the masses of leptons and the W -boson
squared. According to (4) the transition electric moments are smaller than the transition magnetic moments and thus
can be neglected. Then matrix (2) in the mass representation looks like
F → 1
2
{
(σ0(m1 +m2)− σ3(m2 −m1))(1 − µ0γ5γµ ⋆Fµνuν)− σ1(m1 +m2)µ1γ5γµ ⋆Fµνuν
}
. (5)
When the direction of the magnetic induction is constant, the operator
S = γ5γµ ⋆Fµνuν/N, N =
√
uµ
⋆Fµα ⋆Fανu
ν . (6)
is an integral of motion. Note that for neutrino propagating orthogonally to the purely magnetic field with the
induction B we have N = u0|B|, and for neutrino propagating parallel to the magnetic field N = |B|. The operator S
defines the projection of the spin on the direction of the magnetic field in the neutrino rest frame. The corresponding
neutrino polarization vector is defined as follows
s¯µ = − ⋆Fµνuν/N. (7)
If the magnetic field varies slowly, the operator S can be considered as an approximate integral of motion, when
the energy of the neutrino interaction with the field due to the magnetic moment is much larger than the inverse
characteristic time of the field variation. To put it in a more formal way, the following conditions must be satisfied
[18]
κ
2µ0N
≪ 1, (8)
κ
κ
≪ 1, (9)
where
κ =
√
H2H˙2 − (HH˙)2
N2
, κ =
N
H2H˙2 − (HH˙)2 e
αβγδH¨αH˙βHγuδ. (10)
Here Hµ = ⋆Fµνuν.
However, the neutrino Lorentz factor is rather large u0 ≫ 1. Under the Lorentz transformations to the neutrino rest
frame the longitudinal component of the magnetic field remains the same, while the orthogonal component increases
proportionally to u0. Hence, the direction of the magnetic induction in the neutrino rest frame is almost orthogonal
to the velocity of this reference frame, except for the case of the neutrino propagating precisely in the direction of
the magnetic field or against it. Except for this case, the directions of the first and second derivatives of the magnetic
induction in the neutrino rest frame are also almost orthogonal to the neutrino velocity, and condition (9) is satisfied.
In paper [1] we obtain solutions of the evolution equation in the case of constant background conditions with the
help of the resolvent U(τ)
Ψ(τ) =
1√
2u0
U(τ)Ψ0. (11)
In the two-flavor model Ψ0 is a constant 8-component object, which defines the initial state of the neutrino. For a
neutrino pure state with a definite initial polarization it can be presented in the form
Ψ0 =
1
2
(1− γ5γµsµ0 )(γµuµ + 1)
(
ψ0 ⊗ ej
)
, Ψ¯0Ψ0 = 2. (12)
Here ψ0 is a constant bispinor, ej is an arbitrary unit vector in the two-dimensional vector space over the field of
complex numbers, and sµ0 is a 4-vector of neutrino polarization such that (us0) = 0.
3When the external conditions vary slowly, it is also possible to write the resolvent U(τ). Since the operator S
with the eigenvalues ζ can be considered as an the integral of motion, we can study the evolution of neutrino states
with definite ζ independently. Note that the states with definite ζ in the general case are not the states with definite
helicity.
The matrix, which determines the evolution equation for the states with definite ζ, can be diagonalized in the mass
representation at a given point τ using the matrix U
(eff)
ζ (τ)
U
(eff)
ζ (τ) =
(
cos θ′ζ(τ) sin θ
′
ζ(τ)
− sin θ′ζ(τ) cos θ′ζ(τ)
)
. (13)
Here θ′ζ(τ) is an effective mixing angle in electromagnetic field in the mass representation for the states with definite
ζ (for more detail see [1]). The value of the angle θ′ζ(τ) is determined by the relations
X ′ζ(τ) = sin 2θ
′
ζ(τ), Y
′
ζ (τ) = cos 2θ
′
ζ(τ), (14)
where
Y ′ζ (τ) =
1
Zζ(τ)
((
m2 −m1
)(
1− ζµ0N(τ)
))
,
X ′ζ(τ) =
1
Zζ(τ)
(
− ζµ1N(τ)
(
m2 +m1
))
,
Zζ(τ) =
{((
m2 −m1
)(
1− ζµ0N(τ)
))2
+
((
m2 +m1
)
µ1N(τ)
)2}1/2
,
(15)
Then for sin θ′ζ(τ) and cos θ
′
ζ(τ) we have
sin θ′ζ(τ) = sgnX
′
ζ(τ)
√
(1 − Y ′ζ (τ))/2, cos θ′ζ(τ) =
√
(1 + Y ′ζ (τ)/2). (16)
The adiabatic approximation is valid when |θ˙ζ | ≪ Zζ . We can introduce the adiabaticity parameter Γ for neutrino
in electromagnetic field by analogy with what is usually done for neutrino in matter (see, e.g., [19]). The adiabaticity
condition takes the form
Γ =
2Z3ζ
µ1|N˙(τ)|(m22 −m21)
≫ 1. (17)
If the external conditions vary slowly, then the Hamiltonian of the system is considered to be almost diagonal at
every point. Then to write down the solution with rather high accuracy, it is enough to diagonalize the matrix of the
equation at the current point τ and to perform the inverse transformation at the initial point τ = 0 [20]. The method
is absolutely similar to what is usually done to describe MSW resonance. Using this approach, we can obtain the
resolvent U ′(τ) in the mass representation in the adiabatic approximation.
To convert the operators, including the resolvent U(τ), from the mass representation to the flavor representation,
one should use the transformation
U(τ) = UU ′(τ)U†. (18)
Here U is the Pontecorvo–Maki–Nakagawa-Sakata mixing matrix, which in the two-flavor model takes the form
U =
(
cos θ sin θ
− sin θ cos θ
)
, (19)
where θ is the vacuum mixing angle. Therefore, the resolvent for the neutrino multiplet wave function in the flavor
representation is as follows
U(τ) =
∑
ζ=±1
e
−i
τ∫
0
(Tζ(τ˜)/2)dτ˜
(
Cζ cos(θζ(τ)− θζ(0))− iSζσ1 sin(θζ(τ) + θζ(0))
+ iCζσ2 sin(θζ(τ)− θζ(0)) + iSζσ3 cos(θζ(τ) + θζ(0))
)
Λζ .
(20)
The values of the mixing angles in the flavor representation are given by the relation
θζ(τ) = θ + θ
′
ζ(τ). (21)
4In Eq. (20) the following notations are used
Sζ = sin
τ∫
0
(
Zζ(τ˜ )/2
)
dτ˜ , Cζ = cos
τ∫
0
(
Zζ(τ˜ )/2
)
dτ˜ , Tζ(τ) =
(
m2 +m1
)(
1− ζµ0N(τ)
)
. (22)
The projection operators on the eigenstates of operator S are defined by the expressions
Λζ =
1
2
(1 + ζS) , [γµuµ,Λζ] = 0, ζ = ±1. (23)
While calculating the probabilities of transitions between states with definite flavor and polarization, it is convenient
to use quasi-classical spin-flavor density matrices introduced similarly to the quasi-classical spin density matrices (see
[18])
ρα(τ) =
1
4u0
U(τ)
(
γµuµ + 1
) (
1− γ5γµsµ0
)
P
(α)
0 U¯(τ) (24)
In this formula sµ0 defines the initial polarization state of the neutrino, the projection operator P
(α)
0 defines its initial
flavor state and the resolvent U(τ) is given by Eq. (20). The probability of a transition from the state α to the state
β in the time τ is determined by the following relation
Wα→β = Tr
{
ρα(τ)ρ
†
β(τ = 0)
}
. (25)
Note that since in our model these states of the neutrino multiplet are pure states, all the results may be obtained
with the help of the wave functions, and using density matrices is convenient though not necessary.
In the flavor representation the projection operators on states with the definite flavor take the form
P
(α)
0 =
1
2
(1 + ξασ3), P
(β)
0 =
1
2
(1 + ξβσ3), ξα, ξβ = ±1. (26)
To obtain the projection operators on the initial and final state with the electron flavor one should choose ξα, ξβ = 1,
otherwise ξα, ξβ = −1. We assume that in the initial and final states neutrino has a definite helicity, i.e.
s
(α)µ
0 = ζαs
µ
sp, s
(β)µ
0 = ζβs
µ
sp, s
µ
sp = {|u|, u0u/|u|}, ζα, ζβ = ±1, (27)
where the values ζα, ζβ = 1 correspond to the right-handed neutrino and ζα, ζβ = −1 correspond to the left-handed
neutrino. The spin-flavor transition probabilities can be presented in the form
Wα→β =
1 + ξαξβ
2
1 + ζαζβ
2
W1 +
1 + ξαξβ
2
1− ζαζβ
2
W2 +
1− ξαξβ
2
1 + ζαζβ
2
W3 +
1− ξαξβ
2
1− ζαζβ
2
W4, (28)
where
W1 =
1
8
(
(1 − ζα(s¯ssp))2
(
1 + C2+1 cos 2(θ+1(τ) − θ+1(0)) + S2+1 cos 2(θ+1(τ) + θ+1(0))
)
+ (1 + ζα(s¯ssp))
2
(
1 + C2−1 cos 2(θ−1(τ)− θ−1(0)) + S2−1 cos 2(θ−1(τ) + θ−1(0))
))
+
1
2
(1− (s¯ssp)2)
(
ξα sinΦ(τ)F1(τ) + cosΦ(τ)D1(τ)
)
,
W2 =
1
8
(
(1 − (s¯ssp)2)
(
1 + C2+1 cos 2(θ+1(τ) − θ+1(0)) + S2+1 cos 2(θ+1(τ) + θ+1(0))
)
+ (1− (s¯ssp)2)
(
1 + C2−1 cos 2(θ−1(τ) − θ−1(0)) + S2−1 cos 2(θ−1(τ) + θ−1(0))
))
− 1
2
(1− (s¯ssp)2)
(
ξα sinΦ(τ)F1(τ) + cosΦ(τ)D1(τ)
)
,
W3 =
1
8
(
(1 − ζα(s¯ssp))2
(
1− C2+1 cos 2(θ+1(τ) − θ+1(0))− S2+1 cos 2(θ+1(τ) + θ+1(0))
)
+ (1 + ζα(s¯ssp))
2
(
1− C2−1 cos 2(θ−1(τ)− θ−1(0))− S2−1 cos 2(θ−1(τ) + θ−1(0))
))
+
1
2
(1− (s¯ssp)2)
(
ξα sinΦ(τ)F2(τ) + cosΦ(τ)D2(τ)
)
,
W4 =
1
8
(
(1 − (s¯ssp)2)
(
1− C2+1 cos 2(θ+1(τ) − θ+1(0))− S2+1 cos 2(θ+1(τ) + θ+1(0))
)
+ (1− (s¯ssp)2)
(
1− C2−1 cos 2(θ−1(τ) − θ−1(0))− S2−1 cos 2(θ−1(τ) + θ−1(0))
))
− 1
2
(1− (s¯ssp))2)
(
ξα sinΦ(τ)F2(τ) + cosΦ(τ)D2(τ)
)
.
(29)
5In Eq. (29) we use the notations
F1(τ) = C+1S−1 cos(θ+1(τ)− θ+1(0)) cos(θ−1(τ) + θ−1(0))
− S+1C−1 cos(θ+1(τ) + θ+1(0)) cos(θ−1(τ) − θ−1(0)),
D1(τ) = C+1C−1 cos(θ+1(τ) − θ+1(0)) cos(θ−1(τ) − θ−1(0))
+ S+1S−1 cos(θ+1(τ) + θ+1(0)) cos(θ−1(τ) + θ−1(0)),
F2(τ) = C+1S−1 sin(θ+1(τ) − θ+1(0)) sin(θ−1(τ) + θ−1(0))
− S+1C−1 sin(θ+1(τ) + θ+1(0)) sin(θ−1(τ)− θ−1(0)),
D2(τ) = C+1C−1 sin(θ+1(τ) − θ+1(0)) sin(θ−1(τ)− θ−1(0))
+ S+1S−1 sin(θ+1(τ) + θ+1(0)) sin(θ−1(τ) + θ−1(0)),
(30)
and
Φ(τ) = µ0(m1 +m2)
τ∫
0
N(τ˜)dτ˜ . (31)
In the general case the formulas are rather complicated even in the two-flavor model. The spin-flavor transition
probabilities can be simplified for a neutrino, which is generated in the region with high values of magnetic induction
and detected in vacuum. Then the final value of the mixing angle in the flavor representation is θζ(τ) = θ, and the
initial value we denote as θ0ζ = θζ(0). As we usually have no information concerning the exact location of the neutrino
generation process, we should average the probabilities over the proper time τ . Thus, the averaged values of the
probabilities are
W1 =
1
8
(
(1− ζα(s¯ssp))2
(
1 + cos 2θ cos 2θ0+1
)
+ (1 + ζα(s¯ssp))
2
(
1 + cos 2θ cos 2θ0−1
))
,
W2 =
1
8
(1− (s¯ssp)2)
(
2 + cos 2θ(cos 2θ0+1 + cos 2θ
0
−1)
)
,
W3 =
1
8
(
(1− ζα(s¯ssp))2
(
1− cos 2θ cos 2θ0+1
)
+ (1 + ζα(s¯ssp))
2
(
1− cos 2θ cos 2θ0−1
))
,
W4 =
1
8
(1− (s¯ssp)2)
(
2− cos 2θ(cos 2θ0+1 + cos 2θ0−1)
)
.
(32)
For high energy neutrinos the assumption (s¯ssp) = 0 is valid with high accuracy, except for a narrow region of angles
when neutrino velocity and the vector of magnetic induction are almost parallel (see [1]). Therefore, the probabilities
can be presented as follows
W1,2 =
1
8
(
2 + cos 2θ(cos 2θ0+1 + cos 2θ
0
−1)
)
, W3,4 =
1
8
(
2− cos 2θ(cos 2θ0+1 + cos 2θ0−1)
)
. (33)
Taking into account Eq.(14) and Eq.(21), we have
cos 2θ0ζ = Y
′
ζ cos 2θ −X ′ζ sin 2θ. (34)
In the explicit form (21) can be presented as follows
cos 2θ0ζ =
(m2 −m1)(1− ζµ0N(0)) cos 2θ + ζ(m2 +m1)µ1N(0) sin 2θ√(
(m2 −m1)(1 − ζµ0N(0))
)2
+
(
(m2 +m1)µ1N(0)
)2 . (35)
Note that when the neutrino state can be described as a superposition of the mass eigenstates, the θζ is equal to its
vacuum value.
For neutrinos described by the Standard Model, it can be expected that
k =
µ1(m1 +m2)
µ0(m2 −m1) ≪ 1. (36)
In this case in the first approximation the transition probabilities take the form
W1,2 =
1
8
(
2 + (1 + sgn(1− µ0N(0))) cos2 2θ
)
, W3,4 =
1
8
(
2− (1 + sgn(1− µ0N(0))) cos2 2θ
)
. (37)
Obviously, when µ0N ≈ 1, expression (37) is not valid, and the exact formula (35) should be used. For greater values
of the parameter k the resonance becomes wider. In Fig. 1 the behavior of the neutrino flavor-survival probability
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FIG. 1: The dependence of the flavor survival probability
on the magnetic induction for a neutrino propagating or-
thogonally to the magnetic field for k = 0.005 (the solid
line) and for k = 0.1 (the dashed line).
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FIG. 2: The dependence of the flavor survival proba-
bility on the magnetic induction for a left-handed neu-
trino propagating in the direction of the magnetic field
(or a right-handed neutrino propagating against it) for
k = 0.005 (the solid line) and for k = 0.1 (the dashed
line).
W1+W2 for different values of k is demonstrated in the case when the neutrino velocity is orthogonal to the magnetic
induction vector.
For high values of magnetic field all the spin-flavor transition probabilities become equal
W1 =W2 =W3 =W4 =
1
4
. (38)
This means that all the information about neutrino initial state is lost. Expression (38) follows directly from Eq. (35)
not only when condition (36) is satisfied. It is especially noteworthy that for the high values of the magnetic field
the spin-flavor transition probabilities in the Models of New Physics with large neutrino transition moments and for
Majorana neutrinos with µ0 = 0 are also described by formula (38). However, for the Majorana neutrinos no resonance
behavior in the magnetic field can be obtained [1].
Although for most situations the condition (s¯ssp) = 0 is satisfied, there is a region of angles, for which this condition
is not fulfilled. Let us consider the limiting case, when the neutrino moves either in the direction of the magnetic
field or against it. In these cases the helicity operator becomes an integral of motion, and the spin-flip transitions are
absent since (s¯ssp) = ±1, i.e. W2 =W4 = 0.
For neutrino moving in the direction of the magnetic field we have (s¯ssp) = −1. Hence,
W1 =
1− ζα
4
(1 + cos 2θ cos 2θ0+1) +
1 + ζα
4
(1 + cos 2θ cos 2θ0−1),
W3 =
1− ζα
4
(1 − cos 2θ cos 2θ0+1) +
1 + ζα
4
(1− cos 2θ cos 2θ0−1).
(39)
If inequality (36) holds, we can write the approximate expressions for the transition probabilities
W1 =
1− ζα
4
(1 + sgn(1− µ0N(0)) cos2 2θ) + 1 + ζα
4
(1 + cos2 2θ),
W3 =
1− ζα
4
(1− sgn(1− µ0N(0)) cos2 2θ) + 1 + ζα
4
(1 − cos2 2θ).
(40)
According to these formulas, the MSW-type resonance is present for left-handed neutrinos, while for right-handed
neutrinos it is absent.
For neutrino moving against the direction of the magnetic field we have (s¯ssp) = 1. Hence,
W1 =
1 + ζα
4
(1 + cos 2θ cos 2θ0+1) +
1− ζα
4
(1 + cos 2θ cos 2θ0−1),
W3 =
1 + ζα
4
(1 − cos 2θ cos 2θ0+1) +
1− ζα
4
(1− cos 2θ cos 2θ0−1).
(41)
7If inequality (36) holds, we have
W1 =
1 + ζα
4
(1 + sgn(1− µ0N(0)) cos2 2θ) + 1− ζα
4
(1 + cos2 2θ),
W3 =
1 + ζα
4
(1− sgn(1− µ0N(0)) cos2 2θ) + 1− ζα
4
(1 − cos2 2θ).
(42)
In this case the MSW-type resonance is present only for right-handed neutrinos, which are not observed in experiments.
Note that the probabilities described by formulas (39) and (41) go into each other if we change the neutrino helicity.
The dependence of the flavor-survival probability W1 +W2 on the value of the magnetic induction is demonstrated
in Fig. 2.
Therefore, an important conclusion can be derived. The presence of the resonance depends on the neutrino po-
larization. Let us look back at formula (33). For a left-handed particle propagating orthogonally to the magnetic
field the probabilities to observe the spin projection in the direction of the field and opposite to it are both equal
to 1/2, and the neutrino spin-flavor transition probabilities are the sum of the resonant and non-resonant terms. It
is a well-known fact that the MSW resonance is observed for the left-handed neutrinos only. Since for the neutrinos
in matter at rest the helicity is conserved, the problem of the correlation between the possibility of the resonance
behavior and the actual polarization of the particle did not arise in the studies of the resonance in matter. In this
sense the description of resonance in the magnetic field is a more complicated problem, than of the MSW resonance
for neutrino propagation in matter at rest.
The resonance condition is µ0N ≈ 1, and therefore it is determined by the value of the magnetic induction in the
neutrino rest frame. Since the value of µ0 given by the Standard Model is very small, extremely high values of the
magnetic field are required. Unfortunately, as was shown in [1], not only the resonance, but even the spin oscillations
are very unlikely to be observed in magnetars, since the characteristic length of spin oscillations seems to be much
greater than the size of the corresponding astrophysical objects. The effect may be observed in future, if some compact
objects with higher values of magnetic fields are discovered. Besides, this effect can play a significant role in the early
Universe, since the values of the fields could be very high. It should be noted that there are models of New Physics,
which predict greater values of neutrino magnetic moments than the Standard Model. If such New Physics exists,
then near magnetars the spin-flip effect and even the resonance behavior of neutrino transition probabilities may be
observed (see Fig. 1).
In this paper we generalize the approach used in [1], where the similar problem was studied in the case of constant
external conditions. We find analytical expressions for solutions of the neutrino wave equation in magnetic field in
adiabatic approximation in two-flavor model taking into account transition magnetic moments. We derive the formulas
for the transition probabilities and indeed obtain a resonance enhancement of neutrino oscillations due to transition
magnetic moments, which was predicted in paper [1]. We show that the type of the resonance is determined by the
neutrino polarization, and in the general case it is more complicated, than the MSW resonance for neutrinos in matter.
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